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摘要 :介绍了一种利用隧道效应所具有的高位移敏感特性来获得较高灵敏度的微机械隧道振动陀螺仪的设计和工艺制
备 ,该陀螺仪分别采用扇形梳齿驱动和面外振动悬臂梁的方式实现质量块的振动和恒隧道电流的检测。介绍了扇形梳
齿驱动的工作原理和隧道陀螺仪的设计。由于采用了硅玻键合和深反应离子蚀刻 (DRIE) 的 DDSO G体硅制备工艺 ,因
而可获得较大的敏感质量块 ,从而使陀螺仪具有较高的灵敏度和较大的动态响应范围。根据检测模态和驱动模态匹配
的原则 ,利用有限元模型对隧道陀螺仪的结构尺寸进行了优化 ,仿真结果表明 ,该陀螺仪在常压下的灵敏度为 0. 007
nm (°) / s。
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Design and fabrication of bulk micromachined tunneling
gyroscope with fan2shaped comb drivers
WAN G Ling2yun , L I Wen2wang , ZHUAN G Gen2huang , SUN Dao2heng
( Dep artment of Mechanical and Elect rical En gi neeri ng , X i amen U ni versi t y , Fuj i an 361005 , Chi na)
Abstract : A bulk micromachined vibratory t unneling gyroscope which employs t he high displacement
sensitivity of quantum t unneling to obtain the desired resolution has been developed. The device con2
sist s of fan2shaped comb drivers which can oscillate and an out2of2plane silicon cantilever linked up to a
subst rate suspended by springs. Because of adopting a solid2mass silicon st ruct ure to get the larger
p roof mass , t he new ult racompact device can provide ext remely high sensitivity and a wide dynamic
range. Based on t he modal analysis by a Finite Element Met hod ( FEM) , t he st ruct ure dimensions are
optimized according to resonant f requency matching of t he driving mode and t he sensing mode. Simu2
lation result s demonst rate that t he gyroscope owns t he sensitivity of 0. 007 nm (°) / s at at mo sp heric
p ressure , which also shows t he Deep Dry Silicon on Glass (DDSO G) process can be used to fabricate
not only t he micro2machined t unneling gyroscope but also ot her sensors and act uators.
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1 　Int roduction
Wit h t he emergence of M EMS technology Since
t he late 1980s , t he micromachined gyroscope as
a rate sensor has received considerable at tention
for it s applications in automotive and aerospace
systems due to it s low cost s , low power con2
sumption , low temperat ure drif t s , small sizes ,
long lifetimes and exciting market demands [1 ] .
Various M EMS gyroscope designs have been re2
ported[224 ] . However , t hey failed to achieve per2
formance levels compared to their optical and
macro2mechanical counterpart s in high2precision
application such as space and tactical/ inertial
navigation. To achieve sub2deg/ hr rate resolu2
tion , a vibratory gyroscope must adopt very sen2
sitive detection means in detecting small defec2
tion caused by Coriolis force besides very high
mechanical quality factors of bot h t he driving
and sensing modes , large proof mass , a small
difference in t he resonant f requencies of t he two
modes and large drive amplit ude. This calls for
innovative designs and radical advances in fabri2
cation technology[5 ] . For t he exponential de2
pendence of the t unneling current wit h elect rode
gap separation , tunneling effect sensor has t he
advantage over the more common capacitive , pie2
zoresistive , and piezoelectric displacement transduc2
ers in t hat t he critical sensing area is greatly re2
duced. This allows t he device to be scaled down
to ext remely small size , wit hout sacrificing elec2
t ronic signal2to2noise. Based on these character2
istics of t unneling effect , many group s have rec2
ognized the utility of t ransforming the high dis2
placement sensitivity of t he tunneling effect into
high sensitivity sensors , also including tunneling
gyro scope[629 ] . However , t hese earlier devices
were fabricated wit h surface p rocess t hat was
difficult to p rovide large proof mass and yielded
failure p rimarily due to residual st ress , t hus lim2
iting commercial develop ment . In an effort to e2
liminate t hese disadvantages and improve t he
performance of microgyroscope , we have int ro2
duced an out2of2plane , solid2mass silicon t unne2
ling gyroscope that incorporates large proof mass
per unit area , large amplit ude change of silicon
tip per unit angular velocity and out2of2plane op2
eration wit h fan2shaped comb drivers.
2 　Design and simulation of gyroscope
2. 1 　General description of tunnel ing gyroscope
A simple schematic diagram of t he vibratory t un2
neling microgyroscope , which senses x2axis rota2
tion , is shown in Fig. 1. The microgyrsocope is
based on silicon2on2glass compound st ructure
t hrough silicon2glass anodic bonding technique.
The DRIE technique is used for comb driving
finger etching. The anchor bonded wit h t he
glass subst rate support s t he silicon cantilever
and comb drivers by sensing beam , which are
floating 4 μm above t he subst rate and f ree for
sensing and driving vibration. The deflection e2
lect rode under t he p roof mass , which is fabrica2
ted by sp urting gold on t he glass subst rate ,
could deflect cantilever into t he t unneling posi2
tion. The silicon tip at t he end of the cantilever
is used to sense t he vibration of the silicon f rame
at Z direction. The undeflected gap spacing be2
tween t he silicon tip and detected elect rode is
typical about 1μm. During t he operation , alter2
nating elect rostatic forces on t he movable fan2
shaped driving fingers induce vibration of t he
p roof mass along Y direction , which is called
driving mode. If t here is an angular velocity a2
long t he X direction , t he p roof mass will experi2
ence an alternating Coriolis’ force along Z direc2
tion. This in t urn will excite the cantilever to vi2
brate along Z direction , which is called sensing
mode. The t unneling gap between silicon tip and
detected elect rode will be changed due to t he
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sensing vibration along Z direction. By measur2
ing the t unneling current change , we can get t he
value of t he angular velocity.
Fig. 1 　Schematic diagram of bulk2 micromachined
tunneling gyroscope
2. 2 　Electrostatic driving in fan2shaped comb
drivers
Many choices are available for microgyroscope
driving. Among them , fan2shaped elect rostatic
driving is t he most at t ractive for it s large al2
lowed displacement at t he out of the radius and
constant driving moment unrelated to t he vibra2
tion angle. As shown in Fig. 2 , Movable driving
Fig. 2 　Schematic diagram of fan2shaped elect rostatic
driving
fingers ext rude f rom the edge of t he p roof mass.
Elect rical driving voltage V is applied between
fixed and movable fingers. Assume t he overlap
of finger angle as θ, finger gap as g , finger
widt h as w , device t hickness as h , t he first inner
finger radius as R1 , and t here are n number of
movable fingers in each side of p roof mass. The
elect ro static driving moment is :





[2 R1 + (4 k - 3) ( w + g) + 2 w ] .
(1)
2. 3 　Dynamic analysis of the microgyroscope
Assumeαand γ are the rotation angle of p roof
mass I Z and IY and are t he moment of inertia a2
long Z and Y directions separately. D Z and D y
are t he damping ratio of t he driving and sensing
modes separately , k Z and kY are the sp ring con2
stant s of t he driving and detection modes sepa2
rately. M g is t he amplit ude of the driving mo2
ment . ω is t he f requency of the driving force.
The angular velocityΩ is along X direction. As2
suming linear sp rings and damping , for a M EMS
vibratory microgyroscope , the mat hematical
model can be rep resented by t he following two
differential equations[9 ] :
I Zα̈+ D ZÛα+ k Zα= M g sinωt , (2)
IYγ̈+ DY Ûγ+ kYγ= 2 IYΩÛα( t) . (3)
　Assume t he vibration max angle of t he driving
mode isαM . Solving above differential equations
















Whereωd and ωs are t he resonant f requencies of
t he driving and sensing modes separately. Qs is
quality factor of t he driving mode.
　For t he t unneling current sensing st ruct ure ,
when t here is a displacement change A s in t he Z
direction , t he detected t unneling current will
be[9 ]
ΔI =λV tun Φe - λd0 ΦA s , (5)
Where V tun is t unneling bias voltage across t he e2
lect rode ,λis a constant , d0 is t he original t unne2
ling gap , and Φ is t he t unneling barrier height .
The tunneling current ΔI is p roportional to t he
value of vibration amplit ude A s in t he Z direction
as well as t he inp ut angular velocity Ω. There2
fore the angular velocity Ω can be measured by
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determining t he t unneling current . Assume L is
t he distance of tunneling tip to t he anchor . So
t he sensitivity of t he vibration tunneling micro2
gyro scope Sd , which is an important feat ure of


















　This equation indicates that in order to ensure
enough sensitivity , it is very vital to p recisely
match t he resonant f requencies of driving and
sensing modes. Increasing quality factors of t he
vibration can also help to improve the sensitivi2
ty.
2. 4 　Performance of the gyroscope
The mechanical behavior of the microgyroscope
was analyzed using a lumped2mass and FEM
models simultaneously. According to above a2
nalysis , an optimized design for t he mcirogyro2
scope is p roposed. ANSYS simulation is used to
ext ract t he resonant f requencies of driving and
sensing modes. The resonant f requencies of t he
driving and sensing modes are 7 019 Hz and 9
730 Hz separately for optimized design gyro2
scope. We intentionally set sensing f requencies
to be 27. 8 % larger than driving f requencies to
tolerate the elect rostatic sof tening stiff ness
effect of sensing beams and expect a p roper
bandwidt h[ 10 ] . The f requency of t he third mode
Fig. 3 　Calculated amplitude of tip at different angu2
lar velocity
is 25 718 Hz , three times larger t han t he former
modes. As shown in Fig. 3 , t he amplit ude of sil2
icon tip deflection produced by a dist ributed Co2
riolis force is linear wit h angular velocity inp ut .
The simulated device performance parameters at
t he at mosp here p ressure are listed in Tab. 1.
These result s demonst rate t hat t he gyroscope
has t he sensitivity of 0. 007 ℃ (°) / s , which is
larger t han t hat fabricated by surface process[11 ] .
Tab. 1 　Simulated performance for gyroscope
Performance parameters Values
Driving mass 46. 4μg
Sensing mass 70. 6μg
Rotary stiffness of driving mode 2. 45 ×106μN ·μm
Spring constant of sensing mode 260. 9μN/μm
Driving mode resonant f requency 7 019 Hz
Sensing mode resonant f requency 9 730 Hz
Displacement sensitivity 0. 007 nm(°) / s
3 　Fabrication
This microgyroscope fabrication is based on
DRIE of single crystal silicon on glass subst rate.
It is different f rom other group s using surface
process due to small Hooke’s constant in the out2
of2plane direction , but t he DRIE process , which
has the distinct advantages of large proof mass ,
lower residual st ress and single silicon st ruct ure ,
has been used for an out2of plane t unneling gyro2
scope[12214 ] . The deep dry silicon on glass
(DDSO G) process , which includes silicon etch2
ing , elect rodes on the glass , anodic bonding , t he
silicon t hickness reduction and silicon deep etch2
ing on the back side , has finally been utilized to
fabricate t he t unneling microgyroscope. SEM
pict ure of gyro scope and silicon tip are shown in
Fig. 4 and Fig. 5 and a close2up view of fan2
shaped comb drivers in Fig. 6.
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Fig. 4 　SEM photo of a micromachined tunneling gyroscope
Fig. 5 　Silicon tip
Fig. 6 　Close2up view of fan2shaped comb drivers
4 　Conclusions
In t his paper , a novel bulk2micromachined t un2
neling vibratory microgyroscope with fan2shaped
comb drivers is designed and fabricated. The gy2
roscope uses elect rostatic comb driving for it s
driving mode , and t unneling current sensing for
signal detection. Because of adopting t he fan2
shaped comb drivers to get larger p roof mass
amplit ude , t he new ult racompact devices can
provide ext remely high sensitivity. The working
principle and performance of this t unneling mi2
crogyroscope are analyzed in detail . Based upon
t he analysis , an optimized microgyroscope de2
sign is p roposed. Simulation result s demonst rate
t hat t he gyroscope has t he sensitivity of
0. 007 nm (°) / s , which is much larger t han t hat
fabricated by surface p rocess. The device is
based on silicon2on2glass st ructure. The deep
dry silicon on glass (DDSO G) process , which is
a bulk micromachined p rocess , has been success2
f ully used to fabricate this t unneling gyroscope.
We have measured t he basic mechanical perform2
ance. All of fabricated gyroscopes can be driven
to oscillate along two directions in air environ2
ment , and resonant f requencies are matched very
well . The gyroscopes are for vacuum packaging
now , and other performance will be f urt her test2
ed and investigated.
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